The diethyl ester of o-phenylenebis(oxamic acid) (opbaH 2 Et 2 ) was treated with an excess of RNH 2 in MeOH to cause the exclusive formation of the respective o-phenylenebis(N(R)-oxamides) (opboH 4 R 2 , R = Me 1, Et 2, n Pr 3) in good yields. Treatment of 1-3 with half an equivalent of [Cu 2 (AcO) 4 (H 2 O) 2 ] or one equivalent of [Ni(AcO) 2 (H 2 O) 4 ] followed by the addition of four equivalents of [ n Bu 4 N]OH resulted in the formation of mononuclear bis(oxamidato) type complexes [ n Bu 4 N] 2 [M(opboR 2 )] (M = Ni, R = Me 4, Et 5, n Pr 6; M = Cu, R = Me 7, Et 8, n Pr 9). By addition of two equivalents of [Cu(pmdta)(NO 3 ) 2 ] to MeCN solutions of 7-9, novel trinuclear complexes [Cu 3 (opboR 2 )(L) 2 ](NO 3 ) 2 (L = pmdta, R = Me 10, Et 11, n Pr 12) could be obtained. Compounds 4-12 have been characterized by elemental analysis and NMR/IR spectroscopy. Furthermore, the solid state structures of 4-10 and 12 have been determined by single-crystal X-ray diffraction studies. By controlled cocrystallization, diamagnetically diluted 8 and 9 (1%) in the host lattice of 5 and 6 (99%) (8@5 and 9@6), respectively, in the form of single crystals have been made available, allowing single crystal ESR studies to extract all components of the g-factor and the tensors of onsite Cu A and transferred N A hyperfine (HF) interaction. From these studies, the spin density distribution of the [Cu(opboEt 2 )] 2− and [Cu(opbo n Pr 2 )] 2− complex fragments of 8 and 9, respectively, could be determined. Additionally, as a single crystal ENDOR measurement of 8@5 revealed the individual HF tensors of the N donor atoms to be unequal, individual estimates of the spin densities on each N donor atom were made. The magnetic properties of 10-12 were studied by susceptibility measurements versus temperature to give J values varying from −96 cm −1 (10) over −104 cm −1 (11) to −132 cm −1 (12). These three trinuclear Cu II -containing bis(oxamidato) type complexes exhibit J values which are comparable to and slightly larger in magnitude than those of related bis(oxamato) type complexes. In a summarizing discussion involving experimentally obtained ESR results (spin density distribution) of 8 and 9, the geometries of the terminal [Cu( pmdta)] 2+ fragments of 12 determined by crystallographic studies, together with accompanying quantum chemical calculations, an approach is derived to explain these phenomena and to conclude if the spin density distribution of mononuclear bis(oxamato)/bis(oxamidato) type complexes could be a measure of the J couplings of corresponding trinuclear complexes.
Introduction
Over the past three decades, the diethyl ester of N,N′-alkylene or arylene bis(oxamic acid) (type I) has been extensively used for the synthesis of mononuclear bis(oxamato) type IV complexes, cf. Scheme 1. 1 The flexidentate properties of the type IV complexes paved the way for, e.g., the preparation of their corresponding trinuclear type VII complexes, which are excellently suited to study magnetic superexchange phenomena. 1, 2 On the other hand, mono-N-(type II) and di-N-substituted (type III) type I compounds and, thus, their subsequent mononuclear type V and VI complexes, cf. Scheme 1, have received less attention. [3] [4] [5] [6] Due to this, a limited number of corresponding trinuclear type VIII and IX complexes, cf. Scheme 1, have been reported so far. 7,8a As reported by Kahn, 9 a slight tuning of the ligand skeleton that bridges neighbouring metals, mainly the replacement of the Lewis-basic heteroatoms of the oxamato fragments with less electronegative ones, can induce higher J couplings between neighbouring, e.g. Cu II ions, as shown for a number of binuclear complexes.
In a recent study, we observed a direct proportionality between the spin density distribution of a type V complex, namely [ n Bu 4 N] 2 [Cu(opooMe)] (opooMe = o-phenylene-(N′-methyl oxamidato)(oxamato)) (13) , and the magnetic superexchange interactions of its corresponding trinuclear type VIII complex, namely [Cu 3 (opooMe)( pmdta) 2 ](NO 3 ) 2 ·3MeCN (14) . 8a These results support the assumption, on the one hand, that the spin density distribution of mononuclear type IV and/or V complexes is a measure of the magnitude of J values of corresponding trinuclear type VII/VIII complexes. 8a,10 On the other hand, the asymmetric type VIII complex 14 has been synthesized to verify whether the magnetic superexchange interactions between its oxamato or oxamidato bridged Cu II ions are different or not. However, only one experimental J value of −130 cm −1 was determined, although, for example, from DFT calculations two different J values (−84 cm −1 /−72 cm −1 via the oxamidato/oxamato bridging unit) were derived. 8b This observation agrees with the statement made by Kahn on how to induce higher J couplings. 9 For example, we have already reported on the conversion of [ n Bu 4 N] 2 [Cu(opba)] (15) to [Cu 3 (opba)( pmdta) 2 (NO 3 )]-(NO 3 )·2MeCN (16, opba = o-phenylenebis(oxamato)) or the conversion of [ n Bu 4 N] 2 [Cu(obbo)] (17) to [Cu 3 (obbo)-( pmdta) 2 (NO 3 )](NO 3 )·CH 2 Cl 2 ·H 2 O (18, obbo = o-benzylbis-(oxamato)) with J = −89 cm −1 and J = −111 cm −1 , respectively. 11, 12 However, additional studies are required to verify this finding.
In order to elaborate further the interplay between the spin density distribution of mononuclear type IV-VI complexes and the magnetic superexchange interactions of their corresponding trinuclear type VII-IX complexes, we report here on the synthesis of the mononuclear type VI complexes [ n Bu 4 N] 2 [M(opboR 2 )] (M = Ni II , R = Me (4), Et (5) , n Pr (6) . M = Cu II , R = Me (7) , Et (8) , n Pr (9)). Diamagnetically diluted single crystals of 8@5 and 9@6 were prepared to estimate the spin density distributions of 8 and 9 from the HF tensors determined by ESR spectroscopy. From 7-9, the corresponding type IX complexes [Cu 3 (opboR 2 )(L) 2 ](NO 3 ) 2 (L = pmdta, R = Me (10), Et (11) , n Pr (12)) were synthesized to determine their magnetic properties. The results obtained thereof are reported here, together with supporting DFT calculations.
Results and discussion

Synthesis
The synthesis of compounds 1-12 is shown in Scheme 2. 1-3 were synthesized according to a procedure reported by Ruiz et al. 3 by the condensation reactions of opbaH 2 Et 2 with an excess of alkylamines (1: MeNH 2 , 2: EtNH 2 , 3: n PrNH 2 ) in MeOH. Compounds 1-3 were separated from the reaction mixture by filtration.
For the synthesis of the mononuclear type VI complexes 4-9, a hot MeOH solution of [Cu 2 (OAc) 4 4 ], respectively, was added to a suspension of either 1-3 in MeOH. 13 Then, four equivalents of [ n Bu 4 N]OH were added, causing the complete dissolution of all suspended materials and the reaction mixture was stirred for 15 min at 60°C. Complexes 4-9 were isolated after appropriate workup as yellow and red powders. 13 The trinuclear type IX complexes 10-12 were synthesized conveniently according to Scheme 2 in MeCN. After reducing the volume of the reaction mixtures, the desired complexes were precipitated by the addition of THF. The purification was effectively achieved by re-dissolving the crude material in MeCN and precipitation by the addition of THF. This method was satisfactory to produce analytically pure complexes, cf. the Experimental part.
Structural descriptions
The mononuclear type VI complexes 4-9. The solid state structures of these complexes were determined by single crystal X-ray crystallographic studies, whereby 5 forms crystals of the composition [ n Bu 4 N] 2 [Ni(opboEt 2 )]·2H 2 O (5′) and 8 forms [ n Bu 4 N] 2 [Cu(opboEt 2 )]·2H 2 O (8′). The molecular structures of the dianionic complex fragments of the Ni II /Cu II con-taining type VI complexes are shown in Fig. 1 and 2 , respectively, selected bond lengths and angles are given in Table 1 and crystal/structural refinement data are summarized in Table 3 . The dianionic complex fragments [M(opboR 2 )] 2− are denoted in the following as follows: M = Ni II , R = Me (4A), Et (5A), n Pr (6A) and M = Cu II , R = Me (7A), Et (8A), n Pr (9A).
For 6 the asymmetric unit comprises two crystallographically different [Ni(opbo( n Pr) 2 )] 2− dianionic complex fragments, denoted as 6A (comprising Ni1) and 6B (comprising Ni2). Related bond lengths and angles of 6A and 6B show differences of up to ca. 2% and ca. 6%, respectively. Additionally, in Scheme 2 Synthetic strategy to achieve the mononuclear 4-9 and trinuclear 10-12 complexes. Fig. 1 ORTEP diagrams of the molecular structures of 4A, 5A and 6A (left to right) at 50, 50 and 25% ellipsoid probability. Above: top view. Below: side view. All hydrogen atoms are omitted for clarity. The sign ∢ refers to calculated interplanar angles between differently coloured mean planes. With hdp the atom having the highest deviation from planarity of calculated mean planes is indicated. Symmetry operation for 'A' 5A: −x, y, −z + 1 2 .
the case of 6A an anti-conformation of the n Pr groups with respect to their orientation to the almost planar {Ni(opbo)} unit is observed, whereas for 6B a syn-conformation is found. Despite this, only data of 6A will be discussed. For completeness and comparison, Table 1 gives bond lengths and angles of both 6A and 6B. Fig. S1 † displays the molecular structures of 6A and 6B. The 1D chains formed by 5′ and 8′ due to intermolecular hydrogen bonds are illustrated in Fig. S2 and S3, † while selected bond lengths and angles of these hydrogen bonds are given in Tables S1 and S2, † respectively. For 5A and 8A crystallographically imposed C 2 symmetry is observed. The C 2 axes pass the M1 atom and the middle of the C3/C3A bond, cf. Fig. 1 and 2 . In contrast, all other herein discussed [M(opboR 2 )] 2− fragments exhibit C 1 symmetry. Moreover, as revealed by entries in Table 3 , related pairs of Ni II /Cu II containing complexes (4 and 7, 5 and 8, 6 and 9) can be regarded as isomorphic to each other. In the case of the related Ni II /Cu II pair of 6 (Ni II , monoclinic, P2(1)) and 9 (Cu II , monoclinic, P2(1)/c), unit cell parameters are in good agreement with each other, although the determined space group is different. It is verified that a solution/refinement of 6 in the space group P2(1)/c and of 9 in P2(1), respectively, is not possible. Responsible for this observation is the orientation of the n Pr groups with respect to the planar {M(opbo)} units, cf.
above. Despite this, the isomorphism of corresponding pairs indicates that a co-crystallization of them should be possible, cf. the Experimental part.
A common feature of 4A-9A is the coordination of the respective opboR 2 4− ligands to the metal ions by their four deprotonated amido nitrogen atoms N1-N4, forming planar MN 4 coordination units, cf. Fig. 1 the N2-M1-N4 bond angles in the range from 106.16(7)°(4A) to 112.38(11)°(8A). The M-N bonds can be divided into M-N aryl and M-N alkyl bonds with respect to the substituents at the N donor atoms. Especially for Ni II -containing 4A and 5A the M-N aryl bond lengths (range: 1.8485(16) Å (4A) to 1.8546(15) A (5A)) are significantly shorter compared to the M-N alkyl ones, although for 6A and the Cu II -containing complex fragments 7A-9A this difference is not significant. The M-N aryl bond lengths of 7A-9A (range: 1.934(6) Å (9A) to 1.967(7) Å (9A) exceed those of 4A-6A (range: 1.8485(16) Å (4A) to 1.879(7) Å (6A)) dramatically, whereas a comparison of the M-N alkyl bond lengths reveals minor differences only, cf. Table 1. Such differences have been observed for pairs of Ni II /Cu II -containing related type IV complexes as well and could be explained by the shorter ion radii of Ni II (63 pm) compared to that of Cu II (71 pm) in quadratic planar coordination environments. 15 The trinuclear type IX complexes 10 and 12. The solid state structures of the trinuclear type IX complexes 10′, cf. the Experimental part, and of 12 in the form of [Cu 3 (opbo n Pr 2 )-( pmdta) 2 ](NO 3 ) 2 ·1/2CH 2 Cl 2 ·3/4Et 2 O (12′), have been determined by single crystal X-ray crystallographic studies.
The molecular structures of the dicationic complex fragments [Cu 3 (opboR 2 )( pmdta) 2 ] 2+ of 10′ and 12′ (denoted in the following as 10A and 12A) are displayed in Fig. 3 . Selected bond lengths and angles of the [Cu(opboR 2 )] 2− and [Cu( pmdta)] 2+ fragments of 10A and 12A are given in Tables 1 and 2, respectively. As described in the Experimental part, the trinuclear and dicationic complex fragment 10A has been refined as a whole disordered at two positions. Thus, the fragment with the major occupation factor is referred to as 10A, and the other as 10B. In the following we will describe 10A only, although Tables 1 and 2 refer to data of both 10A and 10B. In Table 4 selected crystallographic and structural refinement data of 10′ and 12′ have been summarized.
The central Cu II ions of 10A and 12A are all coordinated by four deprotonated amide N donor atoms to form CuN 4 coordination units. The CuN 4 units can be regarded as planar-quadratic, as calculations of mean planes of the N1-N4 atoms give the rmsd/hdp values as follows: 10A/12A (rmsd, hdp) = 0.0005 Å, N1 with 0.0005(4) Å/0.004 Å/N1 with 0.086(7) Å, respectively, with the Cu1 atoms placed nearly in the plane of the calculated N 4 mean planes (10A: 0.007(3) Å. 12A: 0.008(7) Å). Additionally, the sum of bond angles of the CuN 4 units amounts to 360.0(6)°(10A) and 360.4(10)°(12A), which indicates the CuN 4 units to be planar.
As observed and discussed for 4A-9A, three bond angles of the CuN 4 units are rather small; whereas the fourth one is sub- The terminal Cu II ions of 10A and 12A are each coordinated by two O donor atoms of the respective oxamidato group as well as the three N donor atoms of the pmdta ligands, forming thus CuN 3 O 2 coordination units. The geometries of these units are, with respect to their averaged τ parameters <τ>, 16 cf. Table 2 , closer to the ideal trigonal-bipyramidal (10A) or to the ideal square-pyramidal coordination geometry (12A).
A further feature of these CuN 3 O 2 coordination units needs to be discussed. For the related type VIII complex 14 8a it is observed that the largest bond angle of the CuN 3 O 2 unit at the "oxamidato side" involves the O donor atom of the O⋯C⋯N alkyl function and the middle N donor atom of the pmdta ligands. For the related CuN 3 O 2 unit at the "oxamato side" the situation is different. Here, the largest bond angle involves the O donor atom of the O⋯C⋯N aryl function. This specific feature is furthermore usually observed for type VII complexes, as already explained along with the structural discussion of 14. 8a For 10A and 12A it is then exclusively observed that the largest bond angles of the terminal CuN 3 O 2 units involve the O donor atom of the O⋯C⋯N alkyl function and the middle N donor atom of the pmdta ligands, cf. Fig. 3 and Table 2 .
In summary it can be ruled out that a replacement of the two O donor atoms involved in the coordination of the central Cu II ions of type VII complexes by N(R) donor atoms to give the corresponding type IX complexes leads to such trinuclear {Cu 3 
ESR spectroscopic investigations
The ESR experiments were performed in order to obtain information on the g-factors and the hyperfine (HF) coupling tensor of Cu II , which are important for the discussion of magnetic properties of the complexes studied in this work, cf. below. The relevant interactions, which determine parameters of the Cu II ESR spectrum, are standardly described by the following Hamiltonian:
Here, the first term represents the Zeeman interaction of an electron spin S with the external magnetic field B 0 , whereas g and μ B stand for the g-tensor and Bohr magneton, respectively. The HF interaction between the electron spin S of Cu II and the 63 Cu, 65 Cu and 14 N nuclear spins I Cu and I N is described by the second and the third term, respectively. Here, A Cu and A N are the respective HF coupling tensors. Finally, H i accounts for the nuclear Zeeman, hyperfine, and nuclear quadrupole interactions of further surrounding nuclei, such as, e.g., protons.
The isotropic ESR parameters of 8 and 9 were obtained from measurements of 1 mM acetone solutions. In Fig. 4 their ESR spectra are displayed together with the performed simulations. The ESR spectra of both 8 and 9 appear rather similar. Both spectra consist of four lines due to the onsite HF coupling of the electron spin of Cu II S = 1/2 to its own nuclear spin I ( 63,65 Cu) = 3/2. From the modelling of the spectra, cf. Fig. 4 , the isotropic g-factor, the 63 Cu-HF coupling constants and the 14 N-HF coupling constants were obtained, respectively. Experimentally determined isotropic ESR parameters are listed in Table 5 . We note that in this work in the model calculations of ESR spectra based on the Hamiltonian (1) we took into account only the HF interaction of the electron spin of copper with the spins of the nitrogen nuclei and neglect much weaker interactions with more distant nuclei (the last term in (1)).
In order to obtain anisotropic ESR parameters, the angular dependence of the ESR spectra of a single crystal of 9@6 at f = 9.56 GHz at room temperature was measured by rotation of the magnetic field B 0 in the plane perpendicular to the molecular plane. For a single crystal of 8@5, the extreme orientations of the spectrum corresponding to the principal axes of the g-and HF-tensors were determined by measuring the angular dependence of the g-factor by rotating around an arbitrary axis and searching the direction of B 0 for the minimum g-factor. This direction was chosen as a new axis about which the angular dependence of the g-factor and HF-coupling constants was measured. Finally, to check the correctness of the procedure, the direction of the maximum g-factor was chosen as the rotation axis and indeed no angular dependence is found. In this experiment the spectra were recorded with a rotation interval of 15°. Representative ESR spectra of a single crystal of 8@5 and 9@6, respectively, together with their simulation, are shown in Fig. 5 .
Both spectra consist of two quartet groups of lines owing to the HF-coupling with the 63,65 Cu nuclear spin I ( 63,65 Cu) = 3/2. Each group further represents a subset of lines. They arise due to transferred HF-coupling with the 14 N nuclear spins I ( 14 N) = 1 of the four N donor atoms which can be, cf. Fig. 6 , classified into two equivalent groups. When the magnetic field is parallel to the normal of the molecular plane n (B 0 ||n), the largest g value and the largest copper HF constant are obtained. The smallest g value is obtained when the magnetic field lies in the molecular plane (B 0 ⊥n). For this field geometry the line groups overlap because of the small 63,65 Cu-HF coupling constant A Cu ⊥ in this direction. Therefore the extraction of the coupling parameters becomes very difficult.
Owing to the above described difficulties, the values of A Cu ⊥ and A N || were estimated with the aid of the isotropic values using the relation A iso = (2A ⊥ + A || )/3. For the investigated complexes, the following assumptions are taken:
Principal values of g, A Cu and A N of 8 and 9 obtained from modeling of the ESR spectra are listed in Table 5 . In general, differences between values reported in Table 5 are not significant; the largest principal values for A Cu were obtained for 9.
Pulse ENDOR study
To obtain additional insights into the HF coupling, pulse Davies ENDOR experiments were performed on a single crystal of 8@5. In Fig. 7 experimental and simulated ENDOR spectra at different orientations of the crystal in the magnetic field are shown. The 0°orientation corresponds to the direction of B 0 along the g || -axis of the g-tensor, and the 90°orientation represents the perpendicular direction. The measurements were carried out at the magnetic field value corresponding to the position of the second from the left group of lines in the CW spectrum (∼310 mT), cf. Fig. 5 . In the ENDOR spectra, peaks both from the nitrogen nuclei as well as from protons ( 1 H) can be identified. The latter ones are located at the low frequency part of the spectrum and are marked correspondingly in Fig. 7 . They were not considered in the modeling of the ENDOR spectra. Despite an appreciably lower single-to-noise (S/N) ratio of the ENDOR spectra as compared to the ESR spectra, the peaks of individual nitrogen nuclei are quite well resolved.
The principal axes of g and A Cu coincide with their maximum components located perpendicular to the molecular plane. The maximum components of the 14 N hyperfine tensors were found to lie parallel to the Cu-N bond vectors as sketched in Fig. 6 . The principal values of g, A Cu , and A N obtained from the ENDOR measurements are shown in Table 6 . They agree reasonably well with the ESR data, cf. Table 5 . Note that, unlike in the ESR experiment, the better resolution of the ENDOR method enables, with the help of the modeling of the spectra on the basis of (1) and (2), to estimate all four nitrogen HF tensors. They are presented in Table 6 and labeled as A, B, C and D. In agreement with the ESR results, A N ⊥ |<|A N || has been found for all four tensors. With the parameters listed in Table 6 , satisfactory agreement with experimental ENDOR spectra has been achieved. Most optimal fits were obtained close to the orientation of the magnetic field parallel to the normal to the molecular plane, which is due to a better S/N ratio for this field geometry. Considering the data in Table 6 , the nitrogen HF tensors can be grouped in pairs A-B and C-D with quite close values of the tensor components in each group, respectively. However, the ENDOR measurements indicate some differences in the HF parameters within each group, which is not evident in the static ESR data. The difference of the HF parameters between the two groups is substantial. The larger values of the HF constants of the group A-B enable to tentatively assign them to the N1 labeled N aryl donor atoms, cf. Fig. 6 , since these values are closer to those of related type IV Cu II -containing bis(oxamato) complexes comprising only two N aryl donor atoms. 10 The smaller HF constants in the group C-D can then be associated with the N2 labeled N alkyl donor atoms, cf. Fig. 6 . 17 the Cu-HF coupling constants can be expressed as:
Analysis of the HF tensors
In these expressions Pκ is the Fermi contact term with P( 63 Cu) = µ B g e µ n g n × 〈r −3 〉 = 1164 MHz, that is, the dipolar HF coupling parameter of the unpaired electron, 19 and Δg || , ⊥ = g || , ⊥ −2.0023. The parameter α 2 is a covalency parameter, which describes the in plane metal-ligand σ bonding. The value of α 2 can be determined by using eqn (3) and (4), cf. above, and the experimental Cu-HF coupling constants. The following normalization condition was used to determine α′:
For the complexes under study, the α 2 and (α′/2) 2 values are given in Table 7 . The values of α 2 and (α′/2) 2 represent then the spin density on the Cu II ion (ρ Cu (total)) and on the N-donor atom (ρ N (total)), respectively. Goodness-of-fit on Furthermore, the values obtained for the spin density on the Cu II ion were compared with those deduced by the procedure of Morton and Preston. 18 This approach was also used to calculate the spin density on the N donor atoms. According to this approach, the spin density ρ(s) and ρ( p) on the s and p orbitals (d orbitals for Cu) are proportional to the isotropic or Fermi contact contribution A iso and the dipolar HF coupling constant A dip = A iso − A ⊥ , respectively. The proportionality constants for many abundant nuclei can be found in the litera- ture. 18 Spin densities calculated according to Morton and Preston 18 are also reported in Table 7 . A more detailed description of these two models can be found in our previous work and Table 7 refers then additionally to corresponding data obtained for 13 and [ n Bu 4 N] 2 [Cu(opba)] (15). 8a,10 To make a direct comparison possible, the spin densities on the s orbital of the N donor atom of 13 and 15 are recalculated with the isotropic N HF coupling constant for unit spin density taken from ref. 18 . Very similar spin densities on the Cu II ion and N donor atoms of 8 and 9 are obtained, cf. Table 7 . As observed earlier for 13 8a and 15, 10 the unpaired electron is mainly localized on the Cu II ion in both 8 and 9. Additionally, the averaged spin density on one individual N donor atom of 8 and 9 compares with that for 13 8a and 15. 10 However, experimentally obtained data reported here for 8 and 9 do not follow the expected tendency that a replacement of O versus N donor atoms results in a lower spin density on Cu II and higher spin densities on the N donor atoms 9 when compared with 13 8a and 15, 10 vide infra.
Furthermore, since ENDOR measurements on 8@5 have enabled to resolve individual HF tensors A-D of the N donor atoms, the spin density on them was estimated according to the approach by Morton and Preston. 18 The respective values are listed in Table 8 .
One might expect the larger HF parameters of tensors A-B as compared with C-D to be reflected in larger spin densities ρ. This expectation is only partially met, since the value of ρ(total) for D appears to be the same as that for A-B. Most likely this is related to a limited accuracy of the ENDOR experiment for the field direction close to the molecular plane, which has led to an overestimate of the anisotropy (A ∥ − A ⊥ ) of tensor D and consequently to an overestimate of the partial spin density on the p orbital ρ( p). To remind, in the model of Morton and Preston, 18 ρ( p) is directly proportional to (A ∥ − A ⊥ ). Remarkably, the partial spin density on the s orbital ρ(s), which is determined by the isotropic part of the HF coupling A iso = (A ∥ + 2A ⊥ )/3, is similar for C and D and both are smaller compared to A and B, as expected.
Generally, the spin density on each N-donor atom, as estimated from ESR and ENDOR data, is smaller than those obtained from DFT calculations. However, an inequality of the HF tensors obtained from the ENDOR measurement is compatible with the DFT calculation data based on the structural data from crystallographic characterization and yield different spin densities on all four N-donor atoms, cf. below. Apparently, the different spin densities on the N atoms reflect their different local geometries, as revealed by different HF tensors.
Magnetic properties
The temperature dependence of the inverse static magnetic susceptibility χ m −1 = H/M of 10-12 together with the corresponding χ m T dependence is presented in Fig. 8 . The χ m −1 (T )dependence shows a strong non-linearity at T below 100 K which is typical for an antiferromagnetic interaction between the spins, see, e.g., ref. 20 . The experimental data were fitted on the basis of the following Hamiltonian using the simulation software package julX: 21
Here J 12 and J 13 denote the exchange integrals between the central and the terminal Cu II spins and the first term stands for the Zeeman interaction. The values of J 23 (the exchange integral between the two terminal Cu II ions) in all investigated complexes were assumed to be negligibly small due to the large distance between the Cu2 and Cu3 atoms, cf. Fig. 3 , and the large number of orbitals involved in the corresponding superexchange interaction between them. The analysis yields the best possible fit with the values J 12 = J 13 as shown in Fig. 8 .
The J values of the type IV complexes 10-12 are with −96 to −132 cm −1 , cf. Fig. 8 , comparable with and even slightly larger in magnitude than J values of related type VII complexes such as, for example, those of 16/17 (−89 cm −1 /−111 cm −1 ) 11,12 and those of 14 (−130 cm −1 ), 8b a type VIII complex. According to Kahn 9 and others, 22,23 a substitution of electronegative oxygen atoms vs. less electronegative nitrogen atoms should result in increased J couplings, the question arises whether the, in magnitude, somewhat larger J values reported here for the type IV complexes 10-12 as compared with the related type VII complexes are due to this mechanism. We will continue this discussion after displaying next the results obtained from accompanying DFT studies. 
DFT calculations
Quantum chemical methods as specified in the Experimental section were used to optimize the geometries of the dianionic complex fragments of 7A-9A. Selected bond lengths and bond angles of thus obtained optimized complex fragments, now denoted as 7A calc -9A calc , are summarized in Table S3 † in comparison with related data of 7A-9A. Furthermore, Fig. S4 † displays the geometries of 7A calc -9A calc in analogy to those shown for 7A-9A in Fig. 2, cf. above. Besides an elongation of the bond lengths of the CuN 4 units of 7A calc -9A calc compared to those of 7A-9A, cf. Table S3 , † no mentionable differences of other related bond lengths and even those of related bond angles are observed. It should be emphasized that an elongation of the bond lengths of the CuN 3 O unit of geometry optimized dicationic 13A compared to data of 13A from crystallographic characterization has already been noticed by us. 8a As observed for 7A-9A, cf. Fig. 2 , even 7A calc -9A calc cannot be considered as planar, cf. Fig. S4 , † although deviations from planarity appear to be less dramatic. Second, the spin density distributions of 7A-9A and 7A calc -9A calc were calculated and the obtained values are given in Fig. 9 . It has to be noticed that related N donor atoms of 7A, 8A and/or 9A do not have identical spin populations. For example, for the N aryl donor atoms of 7A, values of 14.7 and 14.0 were calculated as given in Fig. 9 . Such differences are not observed for 7A calc -9A calc . The differences observed for 7A-9A are then attributed to distortions of the molecular geometries, as outlined above. Additionally, it has to be noticed that generally the spin population at the N donor atoms of 7A-9A is larger compared to related atoms of 7A calc -9A calc , whereas the spin population of the Cu atoms is smaller, cf. Fig. 9 . That is most probably due to overemphasizing long Cu-N bond lengths of 7A calc -9A calc . Eventually, we do not aim to stress this point too much as corresponding data deviate by less than 10%. In the following we refer, however, to calculated data of 7A calc -9A calc only.
It is certainly of interest to compare the spin density distribution of 7A-9A with those already reported for 13 8a and 15, 10 as done in Fig. 9 . With respect to calculated values one can infer from Fig. 9 that the change of the CuN 2 O 2 unit of 15 10 by a CuN 3 O unit of 13 8a and finally by a CuN 4 unit of 7A-9A results in a decrease of the remaining spin population at the Cu atoms (15: 55%, 13: 53.9, 7A-9A: 52.2% on average). This tendency could be expected, as according to Kahn the performed heteroatom substitution should result in a better overlap between the N donor atom orbitals to Cu compared to O donor atom orbitals. 9 That tendency is, however, not reflected by a clear trend in the spin population at the donor atoms of the Cu atoms. For example, for 15 10 a spin population at the N aryl donor atoms of 15% was calculated, whereas for the N aryl donor atoms of 7A calc -9A calc this value amounts to ca. 13.8%, cf. Fig. 9 . Nevertheless, the described tendency for the spin population at the Cu atoms agrees with the expectation. In case there is an interplay between the spin density distribution of mononuclear complexes such as those in Fig. 9 and J values of their corresponding trinuclear complexes, this tendency would indicate higher J coupling for corresponding trinuclear complexes of 7A-9A compared to related complexes of 13 8a and 15. 10 Finally, the calculated spin density distribution of 7A-9A should be compared with the estimates from the HF tensors. As reported before, 8a the experimental approach according to Morton and Preston 18 compares much better with calculated values than the Maki and McGarvey approach, 17 cf. Fig. 9 . Certainly, the differences of the spin population at the Cu atoms of 8A/9A determined from the HF tensors and calculated values (exp. vs. calc. for 8A/9A = 57.1/57.5 vs. 52.2/52.0) are larger than the difference reported for 13 8a (51 vs. 53.9) and 15 10 (54.6 vs. 55). This could be related to simplifications implicit in the experimental approaches 17, 18 which do not properly account for real local geometries of the complexes in question. In the approach of Maki and McGarvey, 17 the anisotropic HF coupling constants are calculated for a square planar molecular geometry. In the approach of Morton and Preston, 18 the HF coupling constants are calculated for a free atom. For both models, this sets a limitation for obtaining precise spin density values due to a deviation from the square planar geometry for the complexes under study. Nevertheless, they still remain reasonable qualitative approaches to obtain insight into the spin density distribution of Cu II -containing type VI complexes. Furthermore, calculated spin densities of 8A/9A are different when compared to 8A calc /9A calc , cf. Fig. 9 , due to different geometries. The geometry of 8A in 8@5 and of 9A in 9@6 cannot be determined, but it seems likely that both 8A and 9A do not have identical geometries inside the diamagnetic diluted materials as determined by their crystallographic characterization. Thus, the observed differences of the calculated spin density distribution of 7A-9A compared with those estimated from the HF tensors might be attributed to this effect as well.
Considering that the ESR spectra of type VI complexes reported here are much more complicated compared to type IV and type V complexes, the spin densities estimated from ESR and calculated spin density distribution reasonably complement each other. Moreover, the inequality of N donor atoms revealed for 8 in the ENDOR experiment, cf. above, is in good qualitative correspondence with the DFT results. Nevertheless, there remains the question whether the increase of the exchange interaction in type IX complexes compared to type VII complexes is related to a smaller electronegativity of N donor atoms. This will be briefly discussed next.
Discussion
Before starting a discussion it should be pointed out that from the experimental determination of the electron density distribution 23 and the assignment of spin density maps, 22 respectively, of the ferrimagnetic chain complex [{MnCu( pba)-(OH)·2H 2 O} n ], the magnetic coupling path of bis(oxamato) type complexes was aimed to be assigned. However, precise statements on the magnetic coupling path were not derived, although it is at least implied that the N⋯C⋯O unit of the C 2 NO 3 containing oxamato bridge contributes to a larger extent to the magnetic superexchange coupling compared to the O⋯C⋯O unit. 22, 23 Certainly, polymeric [{MnCu( pba)-(OH)·2H 2 O} n ] compares marginally with the situation to be discussed here.
Unfortunately, 10 and 11 cannot be included in the following discussion. In the case of 10 this is due to the isolation as "[Cu 3 (opboMe 2 )( pmdta) 2 ](NO 3 ) 2 ", of which the magnetic properties were measured. As this material could not be characterized crystallographically, it was converted into "[Cu 3 (opboMe 2 )-( pmdta) 2 ](BPh 4 ) 2 (10′)" of which crystals were suitable for crystallographic studies. Compound 10′ displays then the same connectivity and coordination mode of the terminal Cu(pmdta) fragments as observed for 12. However, due to the use of BPh 4 − anions in the case of 10′ compared to NO 3 − anions in the case of 10, especially bond angles are expected to be modified by, for example, packing effects. Of 10′ itself, only very little quantities could be obtained. On the other hand, crystals of 11 were not suitable to determine the structure reliably, vide supra. To identify the reason why the J values of type IX complexes exceed those of type VII complexes the following test should be instructive: supposing that the formerly established nearly linear relationship between J values and τ parameters of type VII complexes 16, 24 applies to corresponding type IX complexes as well, one could abstract the J value of 12 from Fig. 10 with −112 cm −1 . From now on, we refer to that J value as J abs . The experimentally determined J value of 12 with −132 cm −1 exceeds J abs significantly. From this observation, one could already conclude that for the same τ parameter, J values of type IX complexes are larger when compared to type VII complexes, although the solid line in Fig. 10 displays an average estimate for type VII complexes. Additional support comes then from the calculated spin density distribution of especially 9A as the precursor of type IX 12 compared to 15 10 as the precursor of type VII 16. 11 Thereby, the Cu atom of 9A calc exhibits a spin density of 52.0% compared to 55% calculated for 15. 10 This striking difference could indeed be a consequence of the replacement of the O donor atoms of 15 by less electronegative N donor atoms in 9A, as proposed by Kahn. 9 Unfortunately, up to now, with 12 only one crystallographically characterized type IX complex can be described, the magnetic properties of which were determined. Due to this, it is not yet possible to conclude whether type IX complexes exhibit a related linear J versus τ dependence as observed for type VII complexes, 16, 24 keeping in mind that the bonding situation of the terminal CuN 3 O 2 units is different. The different bonding situation of type IX versus type VII complexes might then have an impact on the magnetic superexchange coupling path, which cannot be ruled out here and points out that additional studies are required.
Summary and conclusions
Starting from the o-phenylenebis(N(R)-oxamides) (opboH 4 R 2 , R = Me 1, Et 2, n Pr 3), achieved in good yields, the corresponding mononuclear Ni II and Cu II complexes in the form of their tetrabutylammonium salts [ n Bu 4 N] 2 [M(opboR 2 )] (M = Ni, R = Me 4, Et 5, n Pr 6; M = Cu, R = Me 7, Et 8, n Pr 9) could be successfully synthesized. From 7-9, the trinuclear bis(oxamidato) type complexes [Cu 3 (opboR 2 )(L) 2 ](NO 3 ) 2 (L = pmdta, R = Me 10, Et 11, n Pr 12) could be obtained and characterized by, for example, single crystal X-ray diffraction studies in the form of [Cu 3 (opboMe 2 )( pmdta) 2 ](BPh 4 ) 2 (10′) and [Cu 3 (opbo n Pr 2 )-( pmdta) 2 ](NO 3 ) 2 ·1/2CH 2 Cl 2 ·3/4Et 2 O (12′).
ESR studies of 8@5 and 9@6 allowed an estimation of the spin density distribution of 8A and 9A by two different approaches. Single crystal ENDOR measurements of 8@5 have enabled to resolve individual spin densities of the four N donor atoms of 8A as individual HF tensors could be observed. The spin densities estimated from HF tensors agree fairly when compared with quantum chemically calculated ones. Especially the inequality of the HF tensors obtained from the ENDOR measurement of 8@5 compares well with calculated spin densities of the N donor atoms of 8A in case that the crystallographically determined geometry of 8A is applied for calculation. These results proof at least that the spin densities of the two different types of N donor atoms of 8A/9A, namely the N aryl and N alkyl type atoms, are significantly different.
From susceptibility measurements versus temperature, the J parameters of the trinuclear Cu II -containing bis(oxamidato) complexes (type IX complexes) 10 (−96 cm −1 ), 11 (−104 cm −1 ) and 12 (−132 cm −1 ) have been determined. They appear larger in magnitude when compared to J values of reported type VII complexes. 1 Our discussion of the spin density distribution favours the scenario that the enhancement of the exchange coupling J is related to the substitution of the O donor atoms in complexes of type VII by less electronegative N donor atoms in complexes of type IX. To this end, the present work supports earlier studies, 8a,10 in which an interplay between the spin density distribution of mononuclear type IV and VI complexes and magnetic superexchange interactions of trinuclear complexes derived out of them had been proposed.
Experimental section
General methods and materials
All chemicals were purchased from commercial sources and used as received without further purification. The solvents were purified according to standard procedures. 25 27 were synthesized according to published procedures. Fig. 10 Representation of the experimentally determined J values of 16 ( ), 11 [Cu 3 (nabo)( pmdta) 2 (BF 4 )](BF 4 )·MeCN·Et 2 O (nabo = 2,3-naphthalene-bis(oxamato)) ( ) 11 and 12 ( ) vs. its <τ> parameters of the terminal Cu II ions in comparison with values of related type VII complexes. 16, 24 stirring. After stirring for additional 24 hours in an open round bottom flask the volume of the mixture reduced to ca. 2.5 mL due to slow evaporation of the solvent. The remaining mixture was then transferred to a test tube and the diamagnetically diluted material allowed to crystallize under diffusion controlled conditions against Et 2 O. Several orange coloured and non-hygroscopic single crystals with dimensions of ca. 0.4 × 0.2 × 0.2 mm 3 could be isolated after several days.
Any trials to grow sufficiently large single crystals of 7@4 failed, although for both of the individual complexes 4 and 7 comparatively large single crystals could be obtained. The obtained needle-like single crystals of the cocrystallization of 7 and 4 were of dimensions of ca. 0.1 × 0.04 × 0.04 mm 3 and were all orange coloured, which indicates that 7@4 was formed. Individual crystals were too small for an ESR characterization and a further characterization of them was not carried out.
X-ray crystallography
All data were collected on an Oxford Gemini S diffractometer. For data collection, cell refinement and data reduction the software CrysAlisPro was used. 28a All structures were solved by direct methods using SHELXS-97 and refined by full-matrix least-squares procedures on F 2 using SHELXL-97 as part of the software package SHELXTL. 29a All non-hydrogen atoms were refined anisotropically. All C-bonded hydrogen atoms were refined using a riding model.
Statements for the mononuclear complexes. In the case of 4 a comparatively short distance between the hydrogen atoms of the corresponding carbon atoms C11 and C12 (methyl groups) is observed. The hydrogen atoms were here added on calculated positions as idealised methyl groups in staggered geometries (HFIX 33). The comparatively close vicinity of C11 and C12 is thus regarded as responsible for this artefact.
In the case of 5′ and 8′ the positions of O-bonded hydrogen atoms were taken from the difference Fourier map and refined isotropically. Furthermore, for 5′ a comparatively large unrefined electron density peak is observed with ca. 0.7 e Å −3 at a distance of ca. 1.8 Å away from O3. This peak might indicate a disorder of the respective water molecule, although this disorder could not be refined reliably.
The absolute structure of 6 was established by anomalous dispersion effects with respect to the absolute structure parameter. 30 Furthermore, the atoms C11, C13, C14 (0.84/0.16); the atoms C59, C60 (0.43/0.57); the atoms C69-C72 (0.34/0.66) and the atoms C73-C76 (0.72/0.28) are disordered and have been refined to split occupancies given in brackets. Although a number of atoms/groups could be refined disordered, trials to refine more atoms/groups as disordered did fail or gave nonreliable results. This is most probably due to the comparatively low number of observed vs. total reflections. The two highest unrefined electron density peaks Q1 (ca. 1.6 e Å −3 ) and Q2 (ca. 1.2 e Å −3 ) are located ca. 1.1 Å away from Ni2 and ca. 1.1 Å away from Ni1, respectively.
In the case of 9 the atoms C11, C13, C14 (0.47/0.53); the atoms C17-C20 (0.17/0.83); the atoms C21-C24 (0.32/0.68); the atoms C25-C28 (0.24/0.76); the atoms C33-C36 (0.65/0.35) and the atoms C37-C40 (0.37/0.63) are disordered and have been refined to split occupancies given in brackets. Several atoms here do have too large ADP max/min ratios or large Hirshfeld test differences and high U eq values, respectively, when compared to neighbours. Furthermore, short intra and/or inter H⋯H contacts are observed. Most probably, all of these observations are due to further, but not reliable resolvable, disorder of atoms/groups. Additionally, the best suitable single crystal of 9 was, due to its plate-like shape, weakly diffractive only. Although long measurement times of individual frames have been applied by using Cu Kα radiation, the ratio between observed/unique reflections is with ca. 45% still poor. Due to icing problems, the measurement has been stopped at a resolution of θ = ca. 60°. These reasons might explain why further models of disorder could not be introduced.
Data of 4, 5′, 6, 7, 8′ and 9 have been deposited at the Cambridge Crystallographic Data Centre under CCDC deposition numbers CCDC 1035427-1035432, respectively.
Statements for the trinuclear complexes. In the case of 10′ the trinuclear and dicationic complex fragment has been refined disordered at two positions. This disorder resembles a statistical disorder, whereby the complex fragments are arranged in top versus down orientation with respect to each other. The finally obtained and freely calculated occupation factors amount to 0.68 versus 0.32. Several atoms appear as further disordered as indicated by high U eq values and large Hirshfeld test differences when compared to neighbours. Trials to refine with SHELXL-2013 software 29b by applying the RIGU command did not improve this situation. Their disorder could not be solved and refined reliably, which is mostly attributed to the already poor ratio of reflections to parameters.
In the case of 12′ the crystals were twinned. By applying CrysAlisPro version 1.171.37.31 28b four different domains were applied for data integration. No further domains could be observed, whereby for domains I to IV the ratios 0.36, 0.32, 0.15 and 0.17, respectively, were finally determined. The SHELXL-2013 software 29b was used for refinement and the command RIGU was applied. The two nitrate anions could be refined disordered over two positions (N11, O5-O7 (0.78/0.22), and N12, O8-O10 (0.34/0.66)). In addition, the atoms C11-C13 of one n Pr group could be refined disordered with occupations of 0.40/0.60. Furthermore, in the VOIDS one Et 2 O and one CH 2 Cl 2 molecule could be refined with occupation factors of 0.75 and 0.5, respectively. Thereby, the Et 2 O molecule was refined disordered over two positions with occupation factors for O11, C36-C39 of 0.52/0.48.
Data of 10′ and 12′ have been deposited at the Cambridge Crystallographic Data Centre under CCDC deposition numbers CCDC 1035433 and 1035435, respectively.
ESR measurements
The measurements of single crystals of 8@5 and 9@6 as well as liquid solution spectra of 8 and 9, respectively, were recorded at room temperature on a Bruker EMX spectrometer operating in the X-band with a modulation frequency of 100 kHz. Handling of ESR spectra was carried out using Win-EPR® computer programs, 32a and spectral simulations were performed with the Simfonia program. 33 Electron Nuclear Double Resonance (ENDOR) experiments were performed with an X-band ESR spectrometer Elexsys E580 (Bruker) at a temperature of 20 K. A standard Davies ENDOR pulse sequence has been used: π mw -π rf -π/ 2 mw -π mw -echo. 32b In this pulse protocol the amplitude of the stimulated electron spin echo arising after the application of the microwave (mw) pulses π mw -π/2 mw -π mw -echo is recorded as a function of the frequency of the intervening radiofrequency (rf ) pulse in the MHz range. To obtain the optimal rf π-pulse length (π rf ) the nutation experiments were performed. For all measurements the lengths of the inversion pulse π mw , radiofrequency pulse π rf and detection pulses π/2 mw (π mw ) were set to 400 ns, 7 µs and 16 ns (32 ns), respectively. Simulations of the ENDOR spectra were performed using the EasySpin (version 4.0.0) 32c program of the Matlab 2007a package.
Magnetic measurements
Static magnetic susceptibility was measured with a 7 T VSM-SQUID magnetometer from Quantum Design at a field of 1 T in a temperature range 2-300 K. In order to ensure the highest possible purity and to avoid any possible influence of partially liberated packing solvent from compounds due to storage, single crystals of 10-12 were evacuated for ca. 12 hours in vacuo and the complete loss of all solvent molecules has been ensured by an additional elemental analysis.
Quantum chemical studies
The density functional theory (DFT) calculations on individual, free molecules were carried out by using revision 2.80 of the ORCA code. 34 The Def2-TZVPP 35, 36 basis set together with the B3LYP 37 functional was chosen to obtain a reasonable accuracy in our calculations and to have results comparable to previous investigations. 10 We used single molecules isolated from the measured X-ray data (where available) as input for our calculations. The counterions were neglected and further geometry optimizations were carried out using a gradient method. To check the optimization result the structures were compared to respective relaxed structures which were initially created from scratch using a molecular editor. We also compared the results to single point calculations using the unaltered crystallographic structures and did not find qualitative disagreement. The spin densities at the different atoms were calculated from the difference of all electron density for minority (spin down) and majority (spin up) electrons followed by a numerical integration within spheres of radius R centred at the respective atoms. The same information was obtained by using Mulliken density analysis 38 as implemented in the ORCA code. In spite of giving slightly different numerical results for the respective absolute spin densities the results of both methods do agree very well and the same qualitative trends are observed.
